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ABSTRACT
Modern semiconductor fabs are multi-billion dollar systems capable of producing de-
vices with features as small as 7 nm for a cost of nano-dollars each. The nanoscale
devices they fabricate have reshaped the world. Whole new fields of nanoscience have
opened up encouraged by the success of the semiconductor industry and the promise
of nanotechnology. Modern nanoscientists largely use tools pioneered in and for semi-
conductor fabs. Here, some of the functionality of semiconductor fabs is reproduced
on millimeter size silicon chips, creating new tools for researching and manufacturing
nanodevices.
A system of these silicon chips is a fab-on-a-chip and is built using microelectrome-
chanical systems or MEMS. MEMS devices are inexpensive to fabricate, but can be
extremely complex. The first fab-on-a-chip device presented is a micro-scale thermal
evaporator. It can deposit 7 Å s−1 of Pb from ∼1 mm away, can be rapidly reloaded
vi
using simple mechanical means, and has a footprint of 0.25 mm2. The flux rate from
this thermal evaporator is monitored using a re-purposed quartz crystal oscillator as
a mass sensor. Another fab-on-a-chip device is a writer. A device capable of position-
ing a silicon plate with <10 nm resolution in two dimensions. It can be used either
to position stencils of nanoscale devices or to draw nanoscale devices directly in a
process called atomic calligraphy. A micro-evaporator has been connected to a writer
to form a device that is capable of producing nanoscale structures while only being
a few cubic millimeters large. Additionally, an advanced writer is presented that can
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A massive body of research literature has been created around the unique proper-
ties of materials on the nanometer scale and applications of those properties (Kostoff
et al., 2007). This boom in nanotechnology has been much discussed for its potential
to impact a wide range of industries and research initiatives. Unfortunately, rapid,
versatile, and economical manufacturing on the nanometer scale is challenging and
constitutes a major roadblock to the widespread implementation of nanotechnology
(Kostoff et al., 2007; Liddle and Gallatin, 2011; Behrens et al., 2017; Cooper, 2017).
The modern semiconductor fab is a shining example of what is possible in the world
of nanotechnology. Each fab is a multi-billion dollar system capable producing nano-
devices (transistors) with features as small as 7 nm for a cost of nano-dollars each.
(Imboden et al., 2014a). In 2018, one thousand times more transistors were produced
by semiconductor fabs than the combined number of grains of rice and wheat grown
in the entire world (Mills, 2018). The devices produced have affected almost every
field of technology and science. Unfortunately, these fabs are highly specialized to a
specific type of device and require massive initial investment.
Conceptually, a fab-on-a-chip (FoC) is a series of chip scale devices that together
have all the capabilities of a semiconductor fab. However, due to their low cost, small
footprint, and other features, they are more versatile and economical. The idea was
first outlined by Imboden et al. who demonstrated a series of microelectromechan-
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ical systems (MEMS) that could be the building blocks of such a system (Imboden
et al., 2014a). These MEMS include micro-scale thermal evaporators, stencils and
positioners for defining patterns, micro-scale oscillators to be used as mass sensors,
and thermometers/heaters. Additionally, several articles have been written on the
development of these MEMS (Han et al., 2015; Imboden et al., 2017; Imboden et al.,
2013; Reeves et al., 2018; Reeves et al., 2019; del Corro et al., 2016; del Corro et al.,
2018; Barrett et al., 2019). These articles are further discussed in the relevant chap-
ters.
The focus of this dissertation is on the advancement of micro-scale thermal evapo-
rators and the advancement of stencils and positioners for defining patterns. Ad-
ditionally, these two MEMS are combined to create a device no larger than a few
millimeters in each dimension that is capable of fabricating nanostructures.
1.2 Application
Before delving into FoC technology, we should ask ourselves, ’why?’. If other fabri-
cations systems, like those outlined in section 1.3 exist, what is the point of another
method. This question is difficult to answer from our current perspective. We don’t
yet know what all of the limitations and advantages of FoC technologies will be; nor
do we know what the next important nanotechnology applications will be. That be-
ing said, we know enough to believe the development of this technology is a useful
endeavor.
First, let us consider nanomanufacturing. If we already have modern semiconductor
fabs, what is the value of building a FoC. If we already posses the the capabilities of a
fab, why would we want to replicate them on a chip-scale? The answer comes down to
economics. Most people have heard of Moore’s law which predicted the exponential
growth of speed and power in the microprocessors, but less well know is what has
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been called ”Moore’s second law” which accurately predicted the exponential growth
of costs in the industry. Today, building a cutting edge semiconductor plant costs
around $20 billion (Hutcheson, 2018).
Despite the manufacturing costs, device costs in the semiconductor industry have
gone down because as transistors have gotten smaller more of them fit on a single
wafer. The cost per wafer may be going up, but the cost per transistor is falling
(Hutcheson, 2018). Unfortunately, as we consider applications of nanotechnology
outside of semiconductors, the cost per area is often more important than the cost
per structure. Consider for example using plasmonics to make a flat lens. The power
of the lens will be largely defined by its light gathering area. No matter how high the
resolution of the manufacturing technique, the packing density of the lenses will not
go up.
Fab-on-a-chip has the potential to be useful in this space largely because of its rela-
tively low capital costs. We pay, at the laboratory scale, $2 per millimeter for devices.
That means that, if a single FoC could be produced with sufficient speed and reso-
lution, millions of them to work parallel could be purchased for millions of dollars.
Perhaps millions of dollars is not a low capital cost in the abstract, but it is low
relative to the billions of dollars of entry costs of the semiconductor industry.
In the short to medium term, FoCs are more interesting for research and development
than for manufacturing. The value stems stems from their low cost and versatility.
First, let us consider cost. Nanofabrication systems cost hundreds of thousands of
dollars at the lowest (Wiley et al., 2010). As previously mentioned, the core of our
devices costs tens of dollars at most. Now that is not a full comparison as various
additions such as pumping stations and control electronics would likely increase the
cost to thousands of dollars, but it still could move the necessary capital costs of
nanofabrication to a point where it is reachable by small enterprises that previously
4
could not afford it.
Versatility is just as important. The core of the technique consists of MEMS systems
that could be redesigned for different applications. Additionally, these systems have
footprints of just a few cubic millimeters and operate with low power which allow
them to be integrated into other systems, such as electron microscopes, atomic force
microscopes, various test systems, and cryostats. They can also be tuned to work with
various substrates including those that are chemically sensitive or have complicated
geometries. This allows them to be the final fabrication step, adding functionality
to complicated mass produced devices. For example, in this work, plasmonic devices
will be shown that have been place on the end of an optical fiber. One could imagine
putting plasmonic devices onto polymer solar cells cells or laser diodes.
1.3 Other Methods of Top Down Nanofabrication
To put this work into greater context, it is worth taking a moment to discuss the other
prominent methods of nanofabrication. These methods can be thought of similar to
a box of different colored crayons or a bag of golf clubs where a different tool can
be selected based on the application and available resources. Even as Fab-on-a-Chip
technologies reach their potential, there will still be many situations where other
methods will be a better fit. It is also possible that future incarnations of fab-on-a-
chip may involve some of these methods. Please note, I am confining this conversation
to top-down methods or approaches where the pattern is human defined rather than
a self-organized, nature defined pattern.
1.3.1 Photolithography
Photolithography is the first thought of most researchers when they consider nanopat-
terning. It is the industrial standard in the semiconductor industry, and most research
institutions have access to it, although often not at sub-micron resolutions. Patterns
5
are defined in a photo-active polymer (photoresist) by exposing the resist through
a mask that blocks light in some sections and not others. The resolution of this





where d is the resolution, λ is the wavelength of light used, n is the index of refraction,
and α is the half angle over which the light is focused.
A considerable amount of effort has gone into moving to shorter and shorter wave-
lengths of light to increase resolution. The current industrial standard is 193 nm
and progress is being made to move to 13.5 nm. As the wave length goes down, the
light becomes more and more difficult to generate and focus (Turkot et al., 2016;
Van Schoot and Schift, 2017). Other methods have been explored to increase resolu-
tion without the need to work with higher wavelengths. These include using plasmonic
structures (Sun and Litchinitser, 2018; Chen et al., 2017), two photon polymeriza-
tion (Cumpston et al., 1999), and laser interference lithography (Rodriguez et al.,
2009). Two photon polymerization has the added advantage of of generating fully
three dimensional structures, but the voxel by voxel exposure significantly decreases
the throughput. Laser interference lithography is limited to certain types of periodic
structures.
1.3.2 Electron Beam Lithography
Electron beam lithography (EBL) turns away from photons to electrons because they
have a much lower wavelength. The De Broglie wavelength of 100 kV electrons is
0.001 nm (Imboden and Bishop, 2014). In EBL, an electron beam is focused to a
point using electromagnetic lenses and rastered over a resist. The beam can be easily
focused to 1-2 nm, and yield sub 20 nm resolution patterns (Gangnaik et al., 2017).
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However, the raster process makes the method considerably lower throughput than
photolithography (Cui and Cui, 2017a).
Several higher throughput versions of EBL are being developed (Cui and Cui, 2017a).
Reflective electron beam lithography, one of these methods, uses a wide electron beam
and an array of 106 MEMS electron mirrors. This effectively allows many beams to
be used in parallel and increases throughput (Petric et al., 2010; Cui and Cui, 2017a).
1.3.3 Focused Ion Beam
A beam of ions can be focused with electromagnetic lenses to about 5 nm and rastered
similar to EBL. A key difference is that ion beams can pattern without a resist. Their
heavier mass allows them to sputter material and shape targets directly. The focused
ion beam (FIB) can also be used to deposit material from a chemically active gas.
Because it is a raster technique, the FIB struggles with the same throughput issues
as EBL (Cui and Cui, 2017b).
The FIB shines as a versatile research tool, not as a high throughput manufacturing
method. It can be used to quickly prototype nanoscale devices, including 3d struc-
tures. It can cross-section and image materials and devices. It can take sections out
of devices and prepare them for transmission electron microscopy.
1.3.4 Scanning Probe
Scanning tunneling microscopes (STMs) and atomic force microscopes (AFMs) can
both be used to pattern nanoscale devices. Both techniques use atomically sharp tips
to either remove or add material. These techniques can be low cost to implement
and allow for imaging of patterns while they are being generated. STMs provided the
highest possible resolution. They can manipulate individual atoms.
It is worth noting that on-chip AFMs have been demonstrated (Ruppert et al., 2017).
Consequently, future fab-on-a-chip systems could include AFMs as either an imaging
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tool, fabrication tool, or both.
1.3.5 Nanoimprint Lithography
Nanoimprint lithography uses a mold to shape a polymer. Usually, by filling the
mold with a liquid, curing it and removing. The process can potentially be high
throughput, can produce sub 10 nm features, and 3d structures. Several challenges
do exist. Process parameters often need to be tuned to each pattern, and mold are
difficult to produce (Schift, 2008).
1.3.6 Stencil Lithography
The technique used in this work is a variation on stencil lithography (SL). SL involves
placing a nanoscale stencil onto the target and either depositing material or removing
material through the openings. It can also be used to generate patterns. In dynamic
SL, circular openings are moved during during deposition or etching in the shape of
the desired pattern. One of the advantages of SL is that it can be used to put patterns
on substrates that can’t be patterned in another way because it is resistless (Vazquez-
Mena et al., 2015). Resolution is limited by the gap size between the stencil and the
target. Larger gaps allow for more spreading and lower the resolution. Throughput
is mainly limited by the clogging of the stencil overtime which can be prevented by
using etching or heating the stencil during deposition (Savu et al., 2011).
1.4 Outline
Below is a chapter by chapter outline of the remainder of this work.
Chapter 2 introduces a new form of micro-scale thermal evaporator, capable of
being mechanically loaded and holding >100× more material than previous versions.
It is tested by depositing lead onto a quartz resonator that has been re-purposed as
8
a mass sensor, and with 9.5 V, it generates 7.2 Å s−1 from ∼1 mm away.
Chapter 3 discusses advances in MEMS based stencil lithography or atomic cal-
ligraphy. Atomic calligraphy writers have been integrated with stick-slip piezo stages
and capacitance sensing for alignment. Two modes of atomic calligraphy are demon-
strated with this system: static, where a patterned stencil is brought into contact
with a substrate and held in contact during evaporation, and dynamic, where a plate
with circular apertures is moved during deposition; effectively ’writing’ nanostruc-
tures. Additionally, a combined writer and micro-evaporator system is demonstrated.
Chapter 4 discusses the design and mechanics of an advanced writer capable of
positioning a plate with five degrees of freedom. It can translate the plate in XYZ
with a range of motion of 14.1 µm in X and Y and a range of motion of 97.9 µm in Z.
It is also capable of rotating the plate about two axes with a range of motion of 7.1◦.
Much of this chapter is also found in Barrett et al. (Barrett et al., 2019).




2.1 Introduction to Micro-scale Thermal Evaporators
Evaporation is a widely used method for thin film deposition. Conventionally, it is
done by heating a material in a crucible till the vapor pressure is high enough for a
significant flux of atoms to leave the surface. The heating is usually done either using
a heating element (thermal evaporation), or using electron beam (e-beam evapora-
tion). Because the process is done under vacuum, the deposition is line-of-sight and
there is minimal contamination in the deposited films.
Imobden et al. and Han et al. have demonstrated micro-scale thermal evaporators
(Imboden et al., 2014a; Han et al., 2015). They used a multiuser commercial foundry
MEMS fabrication process (PolyMUMPs by MEMSCAP, inc.) to produce floating
silicon plates suspended by two compliant springs (Cowen et al., b). The plates were
heated by running a current through the springs. Materials were deposited onto the
plates using conventional evaporation and then re-evaporated from the plates in a
controlled manner. These micro-scale thermal evaporators or micro-evaporators have
advantages in certain applications. They have thermal time constants <10 ms allow-
ing them to be rapidly turned on and off. Their small footprint makes it possible to
create source arrays of many materials (eight different materials have been demon-
strated). Implementation costs are low and less material is used than in conventional
evaporation. They are heated with significantly less power (<25 mW), making them
both safer and avoiding significant heating of the target and evaporator substrates.
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This allows them to be used with target substrates that are sensitive to heating and
in environments that are sensitive to heating. For example, Imboden et al. used
a micro-scale evaporator to deposit thin films of Pb inside a cryostat. Because the
target substrate temperature could be kept <10 K, island formation in the resulting
films was suppressed due to the low mobility of the adatoms (Imboden et al., 2017).
Micro-scale evaporators can be integrated into complex chip-scale systems. For exam-
ple, as discussed by Imboden et al., micro-scale evaporators can be used as a source
of atoms in a Fab-on-a-Chip (FoC) system (Imboden et al., 2014a). FoC systems
are chip-scale devices that poses the capabilities of semiconductor foundries. The
speed and low cost of implementation make it an attractive option for small and
medium-size enterprises to prototype nano-devices (Engstrom et al., 2014). Future
FoC systems may be capable of working in the single atom regime. Additionally,
FoC could be an attractive nanomanufacturing technique because large arrays of FoC
systems working in parallel can be constructed at reasonable costs.
There are two major drawbacks to the micro-scale evaporators previously demon-
strated. First, they are only capable of holding ∼0.000 11 mm3. Second, they must
be loaded and reloaded using a conventional evaporator. While, many can be loaded
at once, it does require a conventional evaporator to be involved in the process.
Here, we present a novel micro-scale evaporator that can hold >100× more material
(>0.012 mm3) and can be loaded mechanically. It follows a similar design to previ-
ous micro-scale evaporators, but is made with the SOIMUMPs process (MEMSCAP,
inc.) (Cowen et al., a). The device layer on the SOIMUMPs process is 25 µm thick,
which allows the heaters to generate more power and provides more mechanical rigid-
ity. Consequently, the micro-evaporator can operate while holding more material and
can be loaded by having pelts placed mechanically onto the plate. The drawbacks
compared to previous designs are slower thermal time constants ( for a bare plate
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and 317 ms for a loaded micro-evaporator), higher power consumption (176.7 mW at
9.5 V) and larger footprint (0.25 mm2).
2.2 Design
The design of the micro-evaporator consists of a 400 µm×400 µm suspended plate
connected to the substrate by two heating elements. The thickness for both heating
elements and the plate is 25 µm set by the SOIMUMPs fabrication process. Heating
element designs were tested using finite element analysis (FEA) in Comsol Mulit-
physics.
The primary goal of the design is to reach the highest possible temperature before
failure. Two failure modes were considered during the design process: first, melting of
the heating element. The maximum possible temperature of the plate is the melting
point of silicon. To approach this maximum temperature, the maximum temperature
of the heating element cannot be significantly greater than the average temperature
of the plate. Otherwise, the heating element will melt while the plate temperature is
still low.
FEA of the difference between the plate and heating element temperature can be seen
in Fig. 2·1. The temperature across the plate and from the plate to the heating ele-
ment is uniform. This can be attributed to the nature of radiation cooling (Imboden
et al., 2014a). The power radiated by a unit of area is given by the Stefan-Boltzmann
law:
P = εσT 4 (2.1)
where P is the power radiated per unit area, ε and σ are constants, and T is the
temperature. The T 4 dependence means that any area whose temperature is higher
will cool significantly more, minimizing the temperature differences. Temperatures




Figure 2·1: Simulation data (Comsol Multiphysics) for the tempera-
ture profile of a micro-evaporator with 10 V placed on either end. Due
to the nature of black-body radiation plate temperature is uniform
(difference between peak temperature on heater and average tempera-
ture of plate <0.5 K). (a) Color plot of the surface temperature of the
micro-source. (b) Image of heater and part of plate with blue squares
indicating the points plotted in (c). (c) Plot of the temperature at the
points indicated in (b) vs. the position of the point along the path
with the first point being at 0. The dotted line indicates the edge of
the plate.
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ation cooling, like micro-evaporators operating in a vacuum. FEA estimates that the
difference between the maximum temperature of the heating element and the average
temperature of the plate is 0.4 K. The second failure mode considered was fracturing
of the heating element due to stress from thermal expansion. Fig. 2·2 shows data
from FEA of the stress in various heating element designs at different temperatures.
Heating elements with bends to increase compliance were found to have less stress
than straight lines. Two heating elements were found to have less stress than four
heating elements.
The heating element designs in this work are compliant bends, and there are only
two (one on either side). To decrease stress concentration further, curved structures
and fillets were used to eliminate corners.
2.3 Methods
2.3.1 Setup
A simple setup was designed for measuring the performance of the micro-evaporator.
The setup is outlined in Fig. 2·3. The two primary elements are the micro-evaporator
and a micro-scale mass sensor. Both sit on custom printed circuit boards (PCBs).
The micro-evaporator is electrically connected to the PCB by gold ball bonds bonded
to gold pads on the PCB. The mass sensor is soldered onto the PCB. The two PCBs
are connected with double-sided vacuum tape and a spacer PCB that is a square ring
with a small cut in a section to allow gas to escape during pump down. A hole was
drilled in the mass sensor PCB next to the mass sensor to facilitate aligning the mass
sensor and the micro-evaporator.
Varying the distance between the top of the evaporator and the active surface of the
mass sensor varies the evaporation rate. In this setup, the spacer is 2 mm thick and





Figure 2·2: Simulation data (Comsol Multiphysics) for various designs
of heaters and plates (a) Graph of average plate surface temperature
vs. maximum stress in the heater. The legend references (b-e). (b-e)
Color plots of stress for various micro-evaporator designs. In all cases,
the plate is 400 µm×400 µm, and the line width of the heater is 6 µm.
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Figure 2·3: Diagram of the setup for measuring the flux of the micro-
evaporator. The setup operates in a vacuum chamber with pressure
<200 mtorr. The thickness of the mass sensor package is 400 µm, but
the thickness from the base to the top of the active element is only
320 µm. The distance from the top of the micro-evaporator plate is
1260 µm and the distance from the top of the loaded metal at the start
of evaporation is 960 µm.
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of the package to the top of the active surface is only 320 µm. The micro-evaporator
chip is 425 µm thick and the metal placed on top of it is ∼310 µm. The separation
between the top of the metal and the active surface of the mass sensor is 960 µm.
2.3.2 Mass Sensor
The mass sensor is a re-purposed JTX210 quartz crystal oscillator (Juach Quartz).
The oscillator was soldered to a PCB and the top of the package was removed with
a razor blade under an optical microscope. Images of the mass sensor can be seen in
Fig. 2·4. To prevent metal from depositing on the electrical leads and shorting the
oscillator, a piece of vacuum tape was added to partially shield the mass sensor.This
ensures that metal will only deposit on the paddles as seen in Fig. 2·4b. As metal
deposits on the paddles, it shifts the resonant frequency of the mass sensor. The
resonant frequency of the mass sensor was monitored using a phase locked loop (Guan-
Chyun Hsieh and Hung, 1996). The loop used a band pass filter and a lock-in amplifier
to reduce the signal noise and a pulse generator as a phase detector. The frequency
was monitored with a frequency counter. The mass sensor’s sensitivity was measured
by first measuring the initial resonant frequency. Then the mass sensor was de-
soldered from the PCB and 100 nm of Pb was deposited onto the paddles using a
conventional thermal evaporator. Then the mass sensor was re-soldered to the PCB
and finally, the final resonant frequency was measured. The sensitivity was measured




Figure 2·4: Images of oscillator used as a mass sensor (JTX210, Jauch
Quartz). (a) SEM image of oscillator. (b) Optical microscope image
of resonator with after evaporation of Pb. Vacuum tape was used to




Figure 2·5: Images of an unloaded micro-evaporator plate. (a,b)
SEM images of the micro-evaporator plate. (c) Optical microscope
image of the plate under vacuum with 0 V DC applied. (d) Optical
microscope image of the plate under vacuum with 10 V applied. Black-




Images of the micro-evaporators as they come from the foundry can be found in Fig.
2·5. Additionally shown are optical microscope images of the micro-evaporator being
heated with 0 V and 10 V under vacuum. Black-body radiation can be seen in the
10 V image. The current through the micro-evaporator was monitored with an oscil-
loscope while the plate was heated with various voltages. The current data contains
information about the temperature of the heating elements because the resistance of
the poly-silicon depends on temperature. Fig. 2·6a-b show steady state current and
resistance vs. voltage. As can be inferred from Fig. 2·6b, the resistance initially
rises with temperature and then begins to decrease. This is due to moving from
the extrinsic to intrinsic regimes of the doped poly-silicon. In the extrinsic regime,
carrier concentration is constant with temperature because it is determined by the
doping level. Resistance increases with temperature in the extrinsic regime because
of the decreasing mobility of the carriers. As the temperature continues to increase,
eventually part of the heating elements move into the intrinsic regime where carrier
concentration increases with temperature. The effect of the new carriers is greater
than the decreasing mobility, and resistance goes down with temperature (Weller,
1971).
The temperature dependence of the resistance allows us to probe thermal character-
istics of the micro-evaporator. Fig. 2·6c shows a normalized current vs. time for
several different voltages. The time it takes the current to reach steady state depends
on the thermal time constant of the system. Fig. 2·6d shows the current vs time after
8.5 V is applied to the micro-evaporator. The data is fit with
I = c1e
−(t−c2)
τ + c3 (2.2)
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where I is the current, c1 is a scaling constant, c2 and c3 are translation constants,
t is time after the pulse was applied, and τ is the thermal time constant. For 8.5 V,
the thermal time constant was found to be ∼38 ms. The same fit has been applied to
data for voltages from 2-8 V. Thermal time constants range from 34-48 ms. It takes
∼4.6 thermal time constants to reach 99% of the final temperature. Consequently,
heating the micro-evaporator plate takes 156-221 ms. This is only for a bare plate, as
adding material to be evaporated slows this further.
2.4.2 Loading
One of the primary advantages of the micro-evaporators in this work over previous
works is the loading process. The micro-evaporator can be mechanically loaded with
>0.01 mm3. Fig. 2·7a shows a micro-evaporator with a piece of Pb on it. The Pb was
cut from a 0.01 in. Pb wire with a razor blade and placed on the micro-evaporator.
The Pb can be placed on the micro-evaporator either using a probe station, a probe
tip held by hand, or tweezers. Once on the micro-evaporator plate, the Pb was melted
onto the plate using the heating elements under vacuum as seen in Fig. 2·7b-c. This
simple configuration is not stable over large depositions. As seen in Fig. 2·7d, after
a long deposition large deposits of material build up on the heating elements and
change their thermal properties; more and more power has to be used to get the same
flux rates.
A simple method of preventing deposition on the heating elements is to block the flux
with silicon walls. As seen in Fig. 2·8, the Pb can be placed inside four connected
silicon walls and melted onto the micro-evaporator. Additional material can be added
into the hole, if desired, until the hole is filled. All of the material can be depleted from
the source without significant deposition onto the heating elements. The connected
silicon walls were made by thinning a 600 µm silicon wafer using repeated dicing saw




Figure 2·6: Heating data of a bare micro-evaporator plate. (a) Cur-
rent vs. voltage for the plate at steady state. (b) Current vs resistance
of the plate at steady state. This is the same data as (a). Resistance
increases with temperature in the extrinsic regime and decreases with
temperature in the intrinsic regime. (c) Current vs time after applying
a voltage. Currents have been scaled and translated to have the same
initial and final points. (d) Current vs time for the plate heating after
having 8.5 V applied. The thermal time constant of the fit is ∼38 ms.
The same fit has been applied for voltages from 2-8.5 V. Thermal time
constants range from 34-48 ms.
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holes through the wafer, and finally, cutting the hole out of the wafer using a dicing
saw to leave behind four 50-100 µm thick connected silicon walls. During the final
dicing, the saw did not cut all the way through the material, but a thin layer of silicon
was left at the bottom to prevent the walls from shifting during the cutting process.
This remaining material was later mechanically removed using tweezers and probe
station tips.
2.4.3 Evaporation
The micro-evaporator was used to deposit Pb onto the mass sensor. Fig. 2·9 shows
data from four 25 s depositions with different voltages applied. Using the measured
sensitivity of the mass sensor, at 9.5 V there was a deposition rate of 7.2 Å s−1. The
steady state current at 9.5 V was 18.6 mA, which corresponds to a power of 177 mW.
Because of the large amount of extra mass added to the system by the walls and the
Pb, the thermal time constant increased. Fig. 2·10 shows the first 2.5 s of data from
the 8.5 V evaporation seen in Fig. 2·9a. The data has been fit with equation 2.2. The





Figure 2·7: Optical microscope images of loading a micro-evaporator.
(a) Piece of Pb wire cut with razor blade is placed on micro-evaporator
with tweezers. (b) Same piece of Pb melted by turning on the micro-
evaporator (melts at ∼6 V). Micro-evaporator is on. (c) Same piece
of Pb solidified after turning off the micro-evaporator. (d) Micro-
evaporator after being used to deposit Pb. Indicated are the heat-
ing elements which have become covered in Pb, changing the thermal




Figure 2·8: Optical microscope images of loading a micro-evaporator
with a silicon border to prevent deposition on the heating elements.
(a) Border with cut piece of Pb that has been placed on the micro-
evaporator plate using a probe needle. (b) The same piece of Pb with
the Pb melted using the micro-evaporator. (c) Solidified Pb inside the
silicon border. Additional Pb can be added using a probe station.
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(a) (b)
Figure 2·9: Data from four depositions using the micro-evaporator
loaded with Pb and with the Pb surrounded by four silicon walls to
protect the heating element. (a) Current vs. time data for each depo-
sition. (b) Frequency vs. time data for each deposition. Because the
resonator sensitivity is 0.8745 nm Hz−1, at 9.5 V, there was a deposition
rate of ∼7.2 Å s−1.
Figure 2·10: A plot of the first 2.5 s of data from the 8.5 V evaporation
shown in Fig. 2·9a. The data has been fit with equation 2.2. The
thermal time constant was found to be 317 ms which means the micro-
evaporator took 1.46 s to reach 99% of the final temperature.
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Chapter 3
Atomic Calligraphy: MEMS based Stencil
Lithography
3.1 Introduction
A massive body of research literature has been created around the unique proper-
ties of materials on the nanometer scale and applications of those properties (Kostoff
et al., 2007). This boom in nanotechnology has the potential to impact a wide range
of industries and research initiatives. Unfortunately, rapid, versatile, and econom-
ical manufacturing on the nanometer scale is challenging and constitutes a major
roadblock to the widespread implementation of nanotechnology (Kostoff et al., 2007;
Liddle and Gallatin, 2011; Behrens et al., 2017; Cooper, 2017).
Stencil lithography (SL) is a well established nanofabrication technique where shadow
masks define a pattern by partially blocking flux from a deposition source. It has sev-
eral advantages including low implementation cost and compatibility with chemically
fragile and geometrically challenging substrates. Chemically fragile substrates include
certain polymers, biological samples, self-assembled monolayers, radiation sensitive
materials, or anything else that can be damaged or contaminated by more traditional
resist based lithography methods. Geometrically challenging substrates are those
whose shape makes using resists impractical. SL is also useful in applications where
in-situ patterning in a vacuum chamber or cryostat is desirable.
SL has a few challenges that limit its use. Most prominent of these are blurring and
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clogging. Blurring is a distortion of the desired pattern that occurs because of the
physical dimensions of the source of atomic flux and the gap between the stencil and
the target. Each part of the source casts a different ”shadow” through the stencil and
deposits a shifted pattern. The combination of all the shifted patterns is a blurred
image of the original pattern, with lower resolution. Compliant stencils have been
purposed as a solution to blurring (Vazquez-Mena et al., 2015; ?). Their flexibility
allows them to conform to the target substrate and close the gap between stencil and
target. Another problem is clogging where deposition on the sides of the openings
closes them. Clogging limits how many times a stencil can be reused. Selective etches
can used to remove the deposited material. Heating of stencils has also been shown
to prevent clogging (Vazquez-Mena et al., 2015; Xie et al., 2012; Savu et al., 2011).
Dynamic SL is an extension of SL where the stencil is moved during deposition. The
pattern produced is based both on the shape of the original stencil and the motion
of the stencil during deposition. This allows for different patterns to be produced by
the same stencil. The most common implementation is to have circular apertures in
the stencil that are moved in the shape of the desired pattern, effectively ”writing”
the pattern. Unlike static SL, dynamic SL can be used to create structures that have
closed loops such as rings (Vazquez-Mena et al., 2015).
Microelectromechanical systems MEMS) can be used in conjunction with SL to cre-
ate nanofabrication systems. These merged technologies are called atomic calligraphy
(AC). Just like SL, AC can be used both statically and dynamically. A few examples
of AC have been demonstrated in the literature. Imboden et al., who coined the
term, dynamically wrote various nano-patterns with a MEMS device called a writer.
Writers consist of four electrostatic comb-drive motors tethered to a floating plate.
The plate can be repositioned with <10 nm resolution. Using a focused ion beam
(FIB), Imboden et al. milled apertures into plate, and used the comb-drive motors
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to dynamically move the plate while material was evaporated through the apertures
onto the substrate of the MEMS device. Among other things, they wrote 90 nm line
width, 100 nm radius closed rings. This effectively demonstrated the potential of this
technique, but had limited utility because the devices were generated on the same
substrate as the MEMS writer (Imboden et al., 2013; Imboden et al., 2014a).
Reeves et al. have shown the ability to use a MEMS device to pattern on structures
that are both chemically fragile and geometrically challenging. They used a FIB to
mill a pattern of split ring resonators (SRRs) onto a floating plate which then self-
aligned to a polymer structure that had been printed with a Nanoscribe (Reeves et al.,
2018). In a separate article, Reeves et al. demonstrate the ability to repeat these
steps to create multi-layer polymer-metallic nano-structure devices (Reeves et al.,
2019).
Here we present a system capable of performing both static and dynamic AC on
foreign substrates (not the same substrate as the MEMS writers) over large ranges.
This includes the ability to maintain alignment between targets and writers. We also
demonstrate the ability to use static AC to generate split ring resonators (SRRs) on
the cleaved end of an IR (infared) fiber, a geometrically challenging target substrate.
Putting SRRs in fibers has been purposed to generate amplification in transmission
lines (Prakash et al., 2016). Other types of antennas deposited onto the end of fibers
have been used for sensing and sub-wavelength imaging (Singh et al., 2015).
Static and dynamic AC experiments performed using an electron beam evaporator
have alignment errors because of the thermal expansion of the system. By using the
micro-evaporators discussed in chapter 2, these errors are eliminated. The combina-
tion of an AC writer and a micro-evaporator forms a device capable of fabricating




As seen in Fig. 3·1a-b, the AC assembly sits inside an electron beam evaporator.
It is contained within a box of Invar consisting of three 1 in. diameter Invar rods
connecting two 0.5 in. thick Invar plates. The plates are 8 in. × 8 in. and are
separated by 7.23 in. The assembly was originally designed to have four rods, but
one was removed to increase visibility. A drawing of the original design can be seen
in Appendix A. The Invar box is suspended from ceiling of the evaporator by steel
cables to isolate it from the vibration caused by the high vacuum cryogenic pump. A
steel scaffold is beneath the box to prevent it from falling if a cable breaks. However,
the Invar box does not physically touch the scaffold.
An XYZ stage consisting of three ECS3080 stick-slip piezo stages (Attocube Systems,
Inc.) is mounted on the top plate as seen in Fig. 3·1a-b. The stages are connected to
the target via two custom 3D printed aluminum connectors (Shapeways, Inc.). The
connectors are attached to each other by ceramic washers which prevent them from
making electrical contact. A custom printed circuit board (PCB) is mounted directly
on top of the bottom connector, and the target is mounted on the bottom connector
with a piece of conductive vacuum tape. The connector components are shown in
Appendix A.
Two stick slip piezo goniometers (ECGp5050 and ECGt5050, Attocube Systems,
Inc.), for tip/tilt alignment, are mounted on the bottom plate as seen in Fig. 3·1a-b.
On top of the goniometers is an Invar plate. The writer die is mounted on a small
pedestal over a hole in this Invar plate with a piece of double-sided insulating vacuum
tape. Also on top of this plate is a custom PCB with a cut out for the writer/pedestal.
The writer is electrically connected to the PCB with gold wire by a ball bonder. The
writer is mounted directly to the Invar instead of to the PCB board to minimize
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thermal expansion.
The piezo goniometers and stages enable precision alignment and expand the range
of the AC setup. The goniometers have positioning resolution of 1 µ◦ and a range
of 10◦. The stages have positioning resolutions of <1 nm and ranges of 5 cm. Both
the gonoimeters and stages have numerical encoders allowing for closed loop control
and calibrated motion. The encoders on the gonoimeters have resolutions of 1 µ◦ and
absolute accuracy of <0.01% of the range of travel. The encoders on the stages have
resolutions of 1 nm and absolute accuracy of <0.01% of the range of travel. The piezo
stages in X,Y can move the target from area to area and allow the writer(s) to be
used over a larger range. The stages do have angular errors over their travel range.
They are rated to <1 mrad over 10 mm of travel. This error is sufficient to cause small
periodic errors in the motion of the target.
The system can also be integrated with the micro-evaporators discussed in Chapter
2. The PCB with the micro-evaporator is mounted with a piece of insulating double-
sided vacuum tape to a copper plate that is attached to the bottom side of the Invar
piece that holds the writer, as seen in Fig. 3·1c-d. The separation between the writer
and the micro-evaporator is ∼4 mm. Here, micro-evaporator refers to the the MEMS
based thermal evaporators discussed in chapter 2, and macro evaporator refers to a
conventional electron beam evaporator.
3.2.2 Writers
Here, we follow the same terminology as Imboden et al. and refer to X,Y MEMS
stages as writers. We will not include a detailed discussion of the mechanics of these
devices as such a discussion can be found in the various places in the literature
(Imboden et al., 2013; Imboden et al., 2014a; del Corro et al., 2016; del Corro et al.,
2018; Barrett et al., 2019). Four types of writers have been used with AC and it is




Figure 3·1: Overviews of the atomic calligraphy system. (a) Diagram
of the system using a macro-evaporator. (b) Image of the system with
the macro-evaporator visible. (c) Diagram of the system using a micro-
evaporator. (d) Closer image of the system with a micro-evaporator
(image was taken through a gold mirror).
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by Imboden et al. in their paper on AC, and most commonly discussed in previous
publications. It has a range of ∼20 µm in both lateral axes. Here, we refer to it as
the standard writer and it can be seen in Fig. 3·2a with its basic components labeled.
Second is a writer where the plate has been displaced ∼35 µm above the substrate.
This type of writer is referred to as a pop-up writer. The displacement of the pop-up
writer’s plate makes it more tolerant to angular misalignment and prevents the plate
from sticking to the substrate. However, it comes at the cost of a reduced lateral
range of motion. The lateral range of the pop-up writer is 50-80% the range of the
standard writer. The vertical displacement is achieved by adding gold-silicon pads
to the base of the folded beam suspension and tension reliefs to the tethers, as can
be seen in Fig. 3·2b. Due to intrinsic stress the gold-silicon pads have a radius of
curvature that changes the angle between the tether and the substrate, raising the
plate. Tension reliefs are added to allow the tether to lengthen in response to the
angle change. The pop-up writer is annealed at 210 ◦C for 5 min on a hot plate before
use to enhance the vertical displacement.
Third is the five degree of freedom writer discussed by Barrett et al. (Barrett et al.,
2019). Here, it is referred to as the 5-DoF writer. It has a series of gold-silicon
thermal bimorphs integrated with the comb-drive motors that enhance the separation
between the plate and the substrate, enable long range vertical actuation, and enable
tip/tilt actuation. The 5-DoF writer is capable of aligning itself to the substrate with
precision alignments. This ability would necessary in a large array of writers where
each alignment may be slightly different. An example of a 5-DoF writer can be seen
in Fig. 3·2c.
Fourth is a writer with a smaller footprint. The width of the folded beam suspension
was decreased and the suspensions were moved closer to the plate. Tension reliefs
were added to the tethers to make them more compliant. Both of these changes
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decrease the lateral range of motion of the device to ∼2 µm. It is referred to as a
compressed writer and it can be seen in Fig. 3·2d.
The voltage-displacement relationship for all types of writers can be approximated
by
x = CV 2 (3.1)
where x is the lateral displacement of the plate, V is the potential on the comb-drive,
and C is a constant that varies from one type of writer to another, and to a lesser
extent from one writer to another. The constant was calibrated using an optical
microscope to measure the displacement of the plate at various potentials.
Because of the blurring effect, it is necessary to bring the stencil plate close (<5 µm)
to the target. The ball bonds used for electrical connection protrude ∼75 µm from
the substrate which would prevent the plate from coming close enough for all writer
types except the 5-DoF writer. Consequently, most silicon targets were square pillars
with widths ranging from 300-1000 µm. It is possible to make MEMS devices with
through wafer electrical connections that would not have this issue, but it was not
economically feasible using the multi-user foundry processes that were used to make
our writers (Diouf et al., 2010).
Writers were made using PolyMUMPs which is a multi-user MEMS fabrication
process offered by MEMSCAP, Inc. Because the fabrication is done through a low
cost foundry with a robust, stable process, the writers can be produced in large
quantities or integrated with other complicated MEMS systems. To provide a path
for the atomic flux, it was necessary to develop a method of putting a hole through
the silicon handle without damaging the sensitive MEMS structures of the writer.
Fig. 3·3 outlines this process. The writer arrives from the foundry with the physical
polysilicon layers buried in a layer of silicon oxide. The first post processing step




Figure 3·2: Images of the four types of writers used here. (a) Stan-
dard. (b) Pop-up. (c) 5-DoF. (d) Compressed.
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back with a dicing saw (150 µm blade width and step size). The purpose of this
thinning is to reduce the length and duration of the through wafer etch Then, a mask
of photoresist is patterned onto the backside using UV lithography. This mask is
used to define a silicon deep reactive ion etch (DRIE). The etch is anisotropic and
creates a through hole with nearly straight side walls. The etch stop is the base
layer of the MEMS which is a blanket coating of silicon nitride. The device is then
released by etching the oxide in hydrofluoric acid (HF) and any remaining silicon
nitride is physically removed with a probe station or with a FIB if precise patterns
are needed. The remaining etching and defining of an aperture or pattern is done
with FIB milling.
3.2.3 Alignment
The target and writer can be aligned vertically, laterally, and in tip/tilt by measuring
capacitance. The gap distance between the target and the writer plate can be con-
tinuously monitored by measuring the capacitance between the target and the plate.
A conceptual schematic for measuring the capacitance is shown in Fig. 3·4a and the
more detailed schematics can be found in Appendix A. The principle and imple-
mentation are similar to that outlined by del Corro et al. (del Corro et al., 2018).
A sinusoidal potential at a frequency (101 kHz) much greater than the mechanical
resonances is placed on the writer plate and the root mean squared (RMS) amplitude
of the leakage current is monitored using a trans-impedance amplifier (TIA) and a
lock-in amplifier. In this case, the the potential was placed on all of the returns of
the writer effectively changing the potential of the plate and the input to the trans-
impedance amplifier was connected to the target. The writer plate and the target






Figure 3·3: Overview of the through hole etch process. (a) Writers
arrive from foundry. (b) Sample is thinned to 310 um by continuously
dicing material off of the backside. (c) A photoresist etch mask is
defined by UV lithography. (d) Backside of writer is etched by Si DRIE.
(e) Writer is released by etching the oxide in HF and any remaining
silicon nitride is removed with a probe station. (f) Remaining etching
and defining of apertures is done by FIB milling.
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Where A is the area of the plate, ε0 is the permittivity of free space, and d is the
separation between the plate and the writing target. As d changes, so does the
capacitance which changes the current passing through the gap according to
I = CωV (3.3)
Where I is the current, ω is the angular frequency of the potential, and V is the
potential. I and V can be measured in a variety of ways (RMS, amplitude, peak-to-
peak) and the equation is true as long as the same method is used for both.
Here, d can be defined as
d = d0 − (zstage − z0) − ∆z (3.4)
where d0 is the initial separation of the writing plate and the target, zstage is the
position of the vertical stage, z0 is the original position of the vertical stage, and
∆z is the amount the writer plate has pulled towards the target due to electrostatic




d0 − (zstage − z0) − ∆z
(3.5)






(d0 − (zstage − z0) − ∆z)2
V 2RMS (3.6)
Equation 3.6 was solved for ∆z using Wolfram Mathematica (Wolfram Research) and
substituted into equation 3.5. The resulting equation constitutes an analytical model
that can be used to fit current vs. stage position as seen in Fig. 3·4b. Also for
comparison, shown in Fig. 3·4b is a fit with a model that does not account for plate
displacement due to electrostatic attraction.
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The writer and target can be aligned laterally by measuring the capacitance between
(a) (b)
Figure 3·4: Capacitive sensing data (a) Diagram outlining the basic
principle of how capacitance is measured. A high frequency potential
is put on the writer plate and the current that passes to the target
is measured. From the current, impedance and capacitance can be
calculated. (b) Plot showing the current passing to the target as the
stage moves the target towards the writer. This data can be accurately
modeled by assuming a parallel plate capacitor and accounting for the
the displacement of the plate towards the target due to electrostatic
attraction.
a sensing pad and the target. The pads are simply gold-silicon squares (if greater res-
olution was needed, comb structures could be used) that can be placed around a
writer, as seen in Fig. 3·5a. The same capacitance measurement technique can be
used where the sinusoidal potential is placed on the sensing pad instead of the writer
plate. If multiple sensors are being used at once, they can share a trans-impedance
amplifier and return line, but must operate at different frequencies. The lateral mo-
tion of the target can be detected by moving the target laterally and changing the
overlap area between the target and the sensor pad, as seen in Fig 3·5b. As an edge
of the pillar target passes over the sensor pad, it changes the value of A in Eq. 3.2.
To function properly, the value of d (the vertical separation) must be held constant.
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We used the pillar of the target and square pads, but overlapping pads on the writer
substrate and target of various configurations could be used.
The writer and target can be aligned in tip/tilt in multiple ways. First, three sens-
(a) (b)
Figure 3·5: Lateral alignment capacitive sensing data (a) Image of
a writer with alignment pads (b) Plot showing the current passing
through the gap as the stage moves the target (a pillar in this case) lat-
erally past the sensing pad (a 450 µm×450 µm square in this case). The
relatively linear section of the data is where the front edge of the target
pillar passed over the sensing pad. The vertical separation between the
target pillar and the sensor pad is ∼10 µm
ing pads can be used to measure separation at three different locations by generating
capacitance vs. displacement curves and fitting them to estimate the initial separa-
tion. These separations and the relative positions of the sensing pads can be used to
calculate the relative angles of the target and writer. This requires using a pillar as
a target that can fully cover all three pads.
For writers that don’t have three sensing pads, the angle of the target relative to the
plane of motion of the stages can be measured by contacting the target to a probe
(e.g. the peak of a wire bond) in different locations. The angle of the writer relative
to the plane of motion of the stages can similarly be found using a corner of the target
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pillar or some other probe attached to the target to contact the writer substrate in
three different locations. The relative angles to the plane of motion can be used to
calculate the angle between the target and the writer. In the case of static AC, it is
often sufficient to align the angle visually with an endoscope.
3.3 Static Atomic Calligraphy
We generated an array of aluminum SRRs using static AC as seen in Fig. 3·6. A
stencil of an array of 10×10 SRRs was FIB milled into the plate of a pop-up writer.
It was then pulled into contact with the target by applying a DC bias to the writer
plate (by applying the DC bias to the returns of the four comb-drives). Bringing the
stencil into contact with the target eliminates the blurring issue that usually limits
the resolution of SL. After deposition, the target was lifted and moved over with the
piezo stages by the size of the array. The pull in and deposition was then repeated,
and this process was repeated two more times to make a 20×20 array of SRRs. The
deposition in Fig. 3·6 was done using a macro-evaporator. The macro-evaporator
heats the chamber 10-50 ◦C during deposition. This heating causes the Invar box to
expand and misalign the target and writer. We attribute the misalignment in Fig.
3·6 to this effect. As the box heats, the misalignment increases from one deposition
to the next, being worst between the third and fourth depositions.
An array of SRRs were deposited on the cleaved end of an IR fiber using static AC,
as seen in Fig. 3·7 and Fig. 3·8. For this fabrication, the setup had to be changed to
accommodate an IR fiber as the target. The 3D printed aluminum target holder was
replaced by a fiber clamp with an attached wire for grounding it. The fiber clamp
was taped with double-sided kapton tape to the stages where the aluminum holder
is usually screwed and aligned with a compressed writer, as seen in Fig. 3·7a. The
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Figure 3·6: An array of SRRs made with static AC using four depo-
sitions. (a, b) SEM images of the plate of a pop-up writer shaped into
a stencil containing an array of SSRs. (c) Optical microscope image
of the pop up writer used. In this case the stencil was milled prior to
the writer being released with HF. (d, e, f) SEM images of aluminum
SRRs. The misalignment between the third and fourth depositions is
attributed to thermal drift. As the Invar box heats, it expands and
moves the writer and target.
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remainder of the fiber was attached to a bent metal tube to provide rigidity and taped
to the top of the Invar box.
A stencil of an array of SRRs was FIB milled into the plate of the compressed writer
and four rectangles were milled around the outer edges of the stencil, as seen in Fig.
3·7c-d. The fiber was aligned to the plate by coupling a red laser into the IR fiber
(the fiber was designed to work 3.2-5.5 µm. Consequently, the red light does not
couple efficiently, but couples enough to shine a visible light.) and monitoring the
transmission of the red light through the plate as the fiber moves latterly across it.
When the core of the fiber is over the rectangular holes, more light transmits through
the plate.
Once the core was centered over the stencil, a DC bias of 100 V was put on the plate
to pull it into the IR fiber. Gold was deposited using a macro-evaporator. The IR
fiber before and after deposition can be seen in Fig. 3·8. There is debris visible on the
fiber after deposition. It accumulated during the removal process because the fiber
tip made contact with a surface in the evaporator. Debris accumulation should not
be inherent to the fabrication process.
Static mode has also been used to fabricate a tunable optical metasurface on a
polymer scaffold made using a two photon polymerization (Nanoscribe), as seen in
Fig. 3·9 (Reeves et al., 2018). The scaffold was designed to change the spacing
between SRRs while undergoing strain and shift the resonance peak. This device could
not be produced using traditional nanofabrication techniques because the polymer
scaffold is incompatible with resist based processing. This was made without a writer,
but instead with a floating plate stencil connected to the substrate by soft tethers.
The scaffold was written on a shuttle that was then moved beneath the stencil for
deposition. The process can be repeated to make multilayer stacks as seen in Fig.





Figure 3·7: Preparation for depositing SSRs onto an IR fiber (a)
Optical image of a cleaved IR fiber prior to deposition (b) Optical
microscope image of a compressed writer plate with a stencil of SRRs
FIB milled into it. (c,d) SEM images of the stencil. The rectangular





Figure 3·8: SRRs deposited onto an IR fiber (a) Optical image of a
cleaved IR fiber prior to static AC deposition (b, c, d) Optical micro-
scope images of the same cleaved IR fiber after static AC deposition.
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Figure 3·9: A tunable optical metasurface on a polymer scaffold fabri-
cated by static mode atomic calligraphy. (a) SEM image of the device.
Static mode atomic calligraphy was used to direct write SRRs onto the
surface of a polymer scaffold. This device cannot be fabricated using re-
sist based methods. (b) Reflectivity data for this device before, during,
and after a 5% strain. The shift in the reflectively peak with increas-
ing strain arises from the changing gap distance between SRRs. The
absorption coefficient (α) of the polymer scaffold is plotted in orange
for comparison. Figure reprinted from (Reeves et al., 2018).
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3.4 Dynamic Atomic Calligraphy
Unlike static AC where the stencil can be brought into direct contact with the target,
in dynamic AC a gap is maintained to allow the plate to move during deposition.
Due to the blurring effect, this gap limits the resolution of the process. The degree





where dg is the size of the blurring effect or the lowest possible resolution, ds is the
width of the source, hs is the distance from the source to the target, and ha is the gap
distance between the plate and the target. A schematic of these variables can be found
in Fig. 3·11a. In both the macro-evaporator and micro-evaporator configurations of





This implies that at a 1 µm gap, the highest resolution possible in our system is
50 nm, and at a 100 nm gap the highest possible resolution is 5 nm. Consequently, it
is important to be able to maintain a small separation distance between target and
stencil during dynamic AC depositions.
There are two main challenges to stability. First, as seen in Fig. 3·11b, while the
writer moves the stencil in the desired pattern, there is also vertical motion. This
effect occurs in all writer types, but is more pronounced for writers with high sepa-
ration between plate and substrate. It was found to be adequately approximated in
our operating regime as proportional to the sum of all voltages on the comb-drives.
Second, as previously discussed, thermal expansion of the components causes the
writer and target to move relative to one another. This motion changes the gap
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size over time. To combat these effects, the gap distance was closed loop controlled
using a proportional-integral loop. A target capacitance was chosen and a PI loop
in LabVIEW moved the vertical stick slip piezo stage to maintain that capacitance.
Additionally, to reduce the effect of the vertical motion of the writer an adjustment
was added to the output of the PI loop proportional to the sum of the voltages on
the comb-drives. The proportionality constant was tuned to give the most stability.
Greater stability could likely be achieved with a more accurate fit.
Fig. 3·12 shows the results of attempting to draw a closed loop semi-circle (2 µm
radius) with dynamic AC using a macro-evaporator. While the line width remains rel-
atively constant due to the closed loop control of the gap distance, the desired pattern
is distorted due to the lateral thermal drift. The magnitude of thermal drift appears
to be relatively material agnostic, indicating that the source of the drift is likely the
filament used to generate the electron beam. While it maybe possible to address this
issue with sufficient thermal controls and radiation shielding, the thermal controls we
have attempted, were insufficient to significantly decrease the thermal drift. It may
also be possible to control the a lateral alignment of the writer and target using the
lateral alignment methods previously mentioned, the XY stages, and a closed loop
control algorithm. The micro-evaporator only uses a small fraction of the power used
by the macro-evaporator. Consequently, it generates significantly less heat. Fig. 3·13
shows the results of attempting to draw a closed semi-circles with dynamic AC using
a micro-evaporator. In all cases, the semi-circle closed, indicating that it started and
stopped at the same position and no significant drift was observed.
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(a) (b)
Figure 3·10: SEM images of a multilayer stack of polymer scaffold
and metal SRRs. The polymer scaffold was made with two photon
polymerization (Nanoscribe) and then SRRs were patterned on top
using static AC. This process was then repeated to make a multilayer
stack. Reprinted from (Reeves et al., 2019).
(a) (b)
Figure 3·11: Addressing the blurring issue with dynamic control (a)
Schematic of blurring issue. (b) Graph of the current passing between
the target and the writer plate (potential on plate 100 mV RMS at
101 kHz) while the writer moves in the pattern of a closed loop semi-
circle (2 µm radius).
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(a) (b)
Figure 3·12: SEM images of dynamic AC depositions using a micro-
evaporator. Each image represents a different deposition with a dif-





Figure 3·13: SEM images of dynamic AC depositions of Pb using a
micro-evaporator. Each image represents a different deposition with
the same pop-up writer. In (a) and (b), the pattern was a closed semi-
circle (2 µm radius). In (c), the pattern was a closed semi-circle (0.5 µm
radius). The calibrated constant (see equation 3.1) for (a) and (c) was
based on optical microscope measurements and was 4.19 × 10−4 µm V−2
for both axes. The calibration for (c) was 3.62 × 10−4 µm V−2 for the
comb-drives in the direction of the straight line and 4.77 × 10−4 µm V−2
for the orthogonal direction.
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Chapter 4
Advanced Writer with Five Degrees of
Freedom
4.1 Nanopositioning
The ability to position and manipulate objects on the nanoscale is extremely valuable,
not just for atomic calligraphy and fab-on-a-chip, but in other arenas of modern tech-
nology as well. Applications include micrometer scale optical microscopy (Aksyuk
et al., 1997a; Aksyuk et al., 1997b; Sunghoon Kwon and Lee, 2002; Mansoor et al.,
2013; Bishop et al., 2012), scanning probe microscopy (SPM) (Che-Heung Kim et al.,
2003; Ando, 2004; Sarkar et al., 2011), optical beam steering (Toshiyoshi et al., 2003;
Chou et al., 2014), and the manipulation of cells and other biological materials (Kim
et al., 2008; Pan et al., 2017). This list is certainly not exhaustive and it is likely that
many more applications will be created as nanotechnology continues to develop.
MEMS have several potential advantages in nanopositioning. Due to their scale, they
can have high resolutions, high resonant frequencies, high quality factors, and small
footprints. In addition, their fabrication processes have a low cost per device and
allow for high device to device uniformity (Liu, 2012; Maroufi et al., 2017). Con-
sequently, a variety of MEMS nanopositioners with three translational degrees of
freedom (DoF) have been developed (Aksyuk et al., 1997a; Ando, 2004; Liu et al.,
2007; Xue et al., 2016; Jingyan Dong and Ferreira, 2009; Koo et al., 2016; Chen and
Culpepper, 2006). Most of these devices rely on electrostatic actuation methods which
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are fast, low power, and highly repeatable (Liu, 2012; Maroufi et al., 2017). Some
of these devices require extra assembly or off chip components (Aksyuk et al., 1997a;
Xue et al., 2016; Jingyan Dong and Ferreira, 2009). Others have limited (<5 µm)
vertical range of motion (Ando, 2004; Liu et al., 2007). One of the most complete
electrostatic actuators has been demonstrated by Correa et al. (Correa et al., 2016)
and Koo et al. (Koo et al., 2016) in their partner articles. Their device is capable
of moving in a 20 µm cube using a silicon-on-insulator (SOI) process and closed loop
control. Another device, demonstrated by Chen et al., is capable of moving in the
three translational degrees of freedom with ranges of 8.4 µm × 12.8 µm × 8.8 µm and
the three angular degrees of freedom with ranges of 1.1◦ × 1.0◦ × 1.9◦. The device
relies on thermal actuation methods and was made using deep reactive ion etching
(DRIE) (Chen and Culpepper, 2006).
We developed a system of nanopositioners or scanners consisting of a novel 5-DoF
scanner capable of moving in X,Y,Z and rotating about two axis integrated with an
XY scanner, as seen in Fig. 4·1. In this paper, we focus on the design and behav-
ior of the novel 5-DoF scanner. The XY scanner pictured in Fig. 4·1 is functional,
and its presence demonstrates the ability to easily integrate the 5-DoF scanner with
other complicated MEMS systems. It is not discussed in more detail because its
design and behavior have been discussed elsewhere (Imboden et al., 2013; Imboden
et al., 2014a; Imboden et al., 2014b). Though designed to be a dynamic stencil,
the 5-DoF scanner is generally useful in applications that require positioning on the
nanoscale. It utilizes both thermal and electrostatic actuation to position the central
plate. It is fabricated using the MEMSCAP PolyMUMPs process with no significant
post processing (Cowen et al., b). Using a low cost commercial foundry with a ro-
bust, stable process simplifies the production of devices and streamlines integration
with complicated MEMS systems. The scanner is capable of moving 14.1 µm in both
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translational directions, 97.9 µm vertically, and rotating 7.4◦ around both axes. Ver-
tical actuation is achieved using three independent methods. The method providing
the largest range of motion relies on thermal actuation and is limited to operating
below 10 Hz by the thermal time constant of the system. The other methods use
electrostatics with measured responses up to 3.2 kHz.
Figure 4·1: Colorized SEM images of the full scanner system. The
device consists of two movable plates. The upper plate is the 5-DoF
scanner and the lower plate is a 2-DoF or XY scanner. The device com-
prises eight electrostatic comb-drive motors and four thermal bimorph




The scanner is designed to meet the needs of atomic calligraphy. As such, it is
worth outlining the targets that influence design decisions. The primary targets for
atomic calligraphy are vertical actuation range, plate height, angular actuation range,
and lateral actuation range. Vertical actuation accounts for thermal drifts during
evaporation and height variations across a target. The target range is >20 µm. The
target for the initial height is 120 µm. The height of the plate at all times must clear
the height of the electrical bonds (∼ 80−100 µm in this case). Angular actuation is
necessary to position the mask plate parallel to the target plate. 1◦ in either direction
should be sufficient to correct for any misalignment that exists (largest misalignment
seen in current experiments is <0.6◦). Actuation in the lateral directions should be as
high as possible without sacrificing speed or reliability. Lateral actuation defines the
patterns being written. At the end of the actuation range, a macro-stage must be used
to step to a new area. Reducing these steps increases speed and decreases errors in the
pattern. These targets are summarized in Table 4.1 along with the sensitivities and
ranges of the various actuation methods and conditions. This section will generally
describe the scanner and its operation and discuss design parameters that affect the
actuation ranges and initial height.
The scanner, as shown in Fig. 4·1, is fabricated using the PolyMUMPs process
by MEMSCAP. The process includes three polysilicon layers (two of which are move-
able) and a gold layer that sit on a silicon nitride coated silicon handle. The device
consists of four comb-drive actuators, each connected to a pair of polysilicon/gold
thermal bimorphs. The bimorphs in turn are connected to a central polysilicon plate
by a pair of polysilicon tethers which have bends to relieve tension. In the particular
device studied here, a second 2-DoF scanner was fabricated under the 5-DoF scanner.
This gives the full device 7 DoF that comes from 12 different actuation motors.
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2◦ (±1◦) 7.4◦ (±3.7◦) 1.8◦ (±0.89◦) 0.423 degV 0.0186
deg
V
Initial Height ∼ 120µm Same as
air
∼ 118.5µm NA NA
Devices come from the foundry with the movable polysilicon layers buried in sacri-
ficial oxide which is removed by etching in hydrofluoric acid (HF) for 15 min. This
release time is longer than recommend for a PolyMUMPs device because no holes
were put into the central plate to allow for rapid releasing. Release holes could be
added to the design, but that is undesirable when using the central plate as a mask.
PolyMUMPs devices are known to have a problem with galvanic corrosion during the
HF etch, and the issue is exacerbated by the long etching time. We mitigated the
problem, using a solution previously demonstrated by Syed et al. Breakable tethers
were added to electrically connect the device layers to the silicon handle which then
serves as a sacrificial anode during the etch (Syed et al., 2008).
After release, the devices were dried using a critical point dryer (CPD). The CPD
prevents device layers from sticking to each other or the substrate. If a device layer
does stick, it usually can be separated using a probe station. Once the oxide has been
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removed, the gold/polysilicon thermal bimorphs bend out of plane due to residual
stresses. The bending can be increased by annealing. The devices in this paper were
annealed for 5 min at 210 ◦C on a hotplate.
The device is designed to position the central plate. It does so using four actua-
tor pairs, each in a separate quadrant, that consist of a comb-drive paired with two
gold/polysilicon thermal bimorphs, as seen in Fig. 4·1. Generally, the comb-drives
are used for lateral actuation, and the thermal bimorphs provide vertical and angular
motion.
The thermal bimorphs consist of a U-shaped piece of the second polysilicon layer
with gold on the entire length of one of the straight sides, as seen in Fig. 4·2d. The
other side has a small piece of gold where it attaches to the comb-drive. This small
gold square is there to prevent that side of the U-shape from sticking or catching by
providing it with a small amount of lift (visible in Fig. 4·2c) which also increases the
total height of the thermal bimorph to a small degree. Most of the height comes from
the all-gold side.
The tops of the bimorphs are attached to the plate via a 2.5 µm wide tether of the
second polysilicon layer. Previous iterations of this design had straight tethers with
no bends in them (Fig. 4·3a). At higher actuation voltages on the comb-drive, this
design would begin to catch on the substrate because the force of the tether on the
top of the bimorph and the spring on the bottom generated enough of a torque to
cause the edge of the base to sink and make contact with the substrate. Bends were
added to the tethers to relieve some of the strain and decrease the torque on the
bimorphs.
The bends also cause the plate to lower a small amount (∼5 µm). This occurs because
the bimorphs twist the tethers as they lift and the bend stretches vertically to relieve




Figure 4·2: Finite element analysis simulation of the initial deforma-
tion of the U-shaped thermal bimorphs. (a) The relationship between
the length of the gold on the all gold side and the initial height of the
bimorph. The simulation is well fit by h = A∗L2 where A = 4.29∗10−4.
(b) Diagram of the device with a red square showing the location of a
U-shaped thermal bimorph (c) The simulated deformed shape of the
U-shaped thermal bimorph due to the stress in the gold. (d) Schematic
of a U-shaped thermal bimorph. (c,d) A U-shaped thermal bimorph
with L = 800µm.
It is possible to design the tethers so that the plate side is higher, as can be seen in
Fig. 4·3b. This would be desirable if the plate needs to be the highest part of the
device. However, these bends are less effective at reducing torque on the bimorphs.
The 5-DoF scanner is actuated using nine independent electrical inputs: the four im-
movable comb voltages, the four movable comb voltages, and the substrate ground.
Angular actuation and the largest range method of vertical actuation function by
running current between the movable combs to heat the thermal bimorphs. As the
bimorphs heat, the difference in thermal expansion between the gold and the polysil-
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(a) (b)
Figure 4·3: SEM images of scanners with different tether designs (a)
scanner with no strain relief in tethers (colors correspond to process
layers), (b) Scanner with a strain relief that pushes the plate further
out of plane as the bimorphs rise up
icon cause them to bend downward (Liu, 2012; Chu et al., 1993).
The length of the gold on the all gold side of the thermal bimorphs is a key design
parameter. It determines the initial bimorph height which is equal to the initial plate
height minus a small step down in the strain relief. This plate height largely deter-
mines the ranges of both angular actuation and vertical actuation method three in
vacuum (Section 4.3); as in vacuum, the bimorphs will bend down almost to the sub-
strate surface. It also affects the ranges of the other two vertical actuation methods,
particularly method two as its range will be one-third the initial plate height. The
range of the lateral actuation can also be affected because the height of the bimorphs
determines the amount of strain relief necessary to prevent catching and the strain
relief affects lateral actuation as discussed at the end of this section.
Fig. 4·2a shows a finite element analysis (FEA) of the connection between the length
of the gold on the all gold side and the initial height of the thermal bimorphs. The
59
simulation data is well fit by
h = A ∗ L2 (4.1)
where h is the initial bimorph height in microns, L is the length of the gold in microns,
and A is a constant fit parameter. The best fit was found when A was 4.29 ∗ 10−4.
The stress level of the gold in the simulation is set at 260 MPa to match bimorph
heights seen experimentally. FEA simulation was done using Comsol Multiphysics.
Lateral positioning is controlled via the potential difference between the movable and
immovable combs. The potential generates a force across the capacitive comb which
generates a displacement as it is balanced by the mechanical response of the system.
The force generated by the comb-drive is given below (Liu, 2012).
Fcomb =
∣∣∣∣∂U∂x






The mechanical response of the system to lateral actuation can be modeled using
simple linear springs, as seen in Fig. 4·4. The spring constant includes contributions
from the tethers that run perpendicular to the direction of motion, the folded beam
suspension attached to the actuation comb-drive, the opposite folded beam suspen-
sion, and the bends in the tethers. The total lateral spring constant of the system is
given below.
ktotal = kfolded + k1 (4.3)











and represents the spring constant of all flexures in parallel with the folded beam
suspension attached to the actuation comb-drive, as seen in Fig. 4·4. The spring
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constant of the strain relief is represented by krelief , the spring constant of the off axis
tether is represented by ktether (this includes the bending of the off axis bimorphs), and
the cumulative spring constant of the strain reliefs and the folded beam suspension










The strain relief on the tether attached to the actuation comb-drive stretches during
actuation and this causes the plate to move less than the comb-drive.








The predicted ratio of xplate to xcomb using optical measurements of dimensions and
Comsol Multiphysics to predict the spring constants is 47%. The measured ratio is
64%. We attribute the difference largely to errors in component dimension measure-
ments.
4.3 Performance
The measured displacement of the comb-drive and the plate is seen in Fig. 4·5, and
plate actuation is shown in air and vacuum. Fig. 4·4 also shows the vertical motion
of the plate as it is moved laterally. The vertical motion is undesirable; however, as
we will discuss below, there are multiple vertical actuation methods that can be used
to correct it. Lateral data is fit to
x = cV 2 (4.7)
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(a) (b)
Figure 4·4: Diagrams of the mechanics of the device. (a) Diagram of
a spring model of the device. (b) Diagram of the device with different
components labeled with their name and the name of their correspond-
ing spring in the spring model.
where x is lateral displacement, c is a constant and V is the potential difference across
the comb-drive. This relationship can be derived from Eq. 4.2 and the derivative of
capacitance with respect to lateral displacement being constant. Comb-drive actua-
tion was measured via optical microscopy, plate actuation in vacuum was measured
with a scanning electron microscope (SEM), lateral plate actuation in air was mea-
sured with optical microscopy, and vertical plate actuation in air was measured with
an optical interferometer. All error bars are two standard deviations in both direc-
tions. The error bars for the plate motions are from three measurements (per data
point) of different sections of a single scan. The error bars for comb-drive motions
come from three measurements as well, but each is measured from a different optical
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microscope image. For many data points, the error bars are smaller than the point.
Vertical actuation is achieved by three different methods. 1) All comb-drive actuation
where all of the comb-drives are actuated simultaneously causing a vertical drop in
the plate. 2) Parallel plate actuation where a potential is placed on the top plate
and the bottom plate and substrate are grounded causing the top plate to pull down
towards the substrate. 3) Bimorph actuation where the bimorphs are heated causing
them to lower towards the substrate.
In method one (all comb-drive actuation), there are two effects that cause vertical
displacement, as demonstrated in Fig. 4·6c. First, the lateral force applied at the
base of the bimorphs by the comb-drive and the restoring force applied at the top by
the tethers generate a torque on the bimorphs that causes them to tilt, which lowers
the central plate. Second, there is a well-known levitation effect at the comb-drive
that occurs because of the grounding plane shielding fringe fields (Imboden et al.,
2014b; del Corro et al., 2016; Tang et al., 1992). This effect results in a vertical force
on the comb fingers and also causes the bimorphs to tilt, lowering the plate. The
total range due to both of these effects is 9.2 µm. The actuation voltage vs. height
data is plotted in Fig. 4·6a. Also plotted is the height data for a single comb from
Fig. 4·5. Both data sets were measured using a white light interferometer. Each data
point represents a single scan and the error bars are twice the standard deviation of
three samples taken from different sections of the scan.
Also plotted in Fig. 4·6a are a series of fits showing that the shape of the displace-
ment curve is well predicted by the theoretical shapes that would be expected by the
explanations given. At low voltages, the torque is low and the comb-drive levitation
effect dominates the slope. This switches at 50 V. The levitation effect’s curve was
obtained using Eq. 4.2 and setting it equal to the restoring force of the spring for
vertical and lateral displacements as seen in the following equations:
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Figure 4·5: Lateral actuation of the device obtained using the comb-
drives. Measured data and V 2 fits are shown for both air and vacuum
actuation, for both the central plate and the comb-drive itself. Because
of an asymmetry in the electrostatic potential on the fingers of the
comb-drive and a torque on the bimorphs, there is a small vertical
motion of the plate when the drives are actuated. Error bars represent














The derivatives of capacitance were obtained by modeling change in capacitance with
displacement in Comsol Multiphysics. A simple second order polynomial function
was used to fit this data and then obtain the derivatives. This simulation data
and polynomial fit is in Appendix B. By solving the system of equations, vertical
displacement (z) in terms of V was found. There is an additional scaling factor
necessary to convert between vertical motion of the comb-drive and vertical motion
64
of the plate. A Comsol FEA simulation predicted the scaling factor to be 1.94. The
scaling factor that fit the data was 3.58. We attribute the difference to errors in
measurements of physical dimensions and FEA modeling.
The torque effect was modeled simply by multiplying the comb-drive fit in Fig. 4·5
by a linear scaling factor. A Comsol model predicted that the scaling factor should
be 0.330. The value that best fits the data is 0.335.
Method two uses parallel plate capacitive actuation by putting a potential on the
plate and grounding the bottom plate and substrate. The height versus potential is
measured with white light interferometry and plotted in Fig. 4·6b. The measured
actuation range is 39.5 µm after which pull in occurs. This is approximately one third
of the initial height, which is the pull in distance predicted for a parallel plate actuator
balanced by a spring (Liu, 2012). This method is complicated in applications where
there is a second substrate above the plate is present, as in atomic calligraphy and
SPM.
Method three utilizes the thermal bimorphs. As the bimorphs are heated, they bend
towards the substrate due to the greater thermal expansion coefficient of the gold.
In this design, the bimorphs are heated by running current through the tethers and
the folded beam suspensions, as seen in Fig. 4·6e. By heating all of the bimorphs
simultaneously, the plate is moved down towards the substrate. Fig. 4·6d shows the
height vs actuation voltage on the bimorphs in both air and vacuum.
Unlike electrostatic methods that yield almost indistinguishable results in air and
vacuum, the vacuum actuation of the thermal bimorphs has a larger range and occurs
at much lower voltages than the air actuation. This is because at atmospheric pressure
additional heat is lost by conduction. The actuation range achieved in air is 39.5 µm
at 52 V and in vacuum is 97.9 µm at 9 V. The vacuum actuation range is only limited





Figure 4·6: Three methods of vertical actuation. (a) Plot of method
one also included is a fit based on two different mechanisms which are
plotted individually and combined. (b) Plot of method two. The plate
pulled in at about one third the initial separation. (c) A diagram of
one quadrant of the device showing the two mechanisms used to fit the
data in (a). (d) Plot of method three in both air and vacuum. (e)
SEM image of the device with the potentials and currents used in (d)
labeled. The potential difference plotted in (d) is the total difference.
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greater, but we were conservative with actuation voltages to avoid the plates getting
stuck together in the electron microscope. Air actuation, on the other hand, is limited
due to electrostatic pull in of the base of the bimorph onto the substrate. The
substrate is covered in a polysilicon layer that is connected electrically to the bimorphs
via the folded beam suspension to help prevent electrostatic pull in. However, at larger
actuation voltages the potential drop across the folded beam suspension creates a
potential difference that causes the base of the bimorph to pull down and prevents
lateral actuation. At the highest air actuation ranges reported here (before the base
of the bimorphs pull in), some limiting of the lateral actuation begins to occur due to
a combination of the electrostatic actuation between the base and the substrate and
torque on the bimorphs generated in lateral actuation.
Air heights were measured with optical interferometry, and vacuum heights were
measured in a SEM. In both cases, the error bars represent plus or minus twice the
standard deviation of three different scans. For the vacuum data, only three data
points have error bars plotted because the data points without error bars represent
single measurements.
Similar to the third method of vertical actuation, angular actuation is achieved using
the thermal bimorphs. Running current between the returns of a pair of adjacent
comb-drives, as outlined in Fig. 4·7a, moves four of the eight thermal bimorphs
towards the substrate causing the plate to tilt, as seen in Fig. 4·7b. Because this
method relies on the thermal bimorphs, different performance is found between air
and vacuum environments. Both environment performances are plotted in Fig. 4·7c.
Vacuum actuation was measured using an SEM and air actuation was measured by
white light interferometry. The maximum actuation angles measured were 3.7◦ and
0.89◦ for vacuum and air respectively. Because the plate can be tilted in the opposite
direction as well using the opposite four bimorphs, the total actuation range is twice
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the measured, or 7.4◦ and 1.8◦ for vacuum and air respectively.
The maximum operating frequency is different for the thermal and electrostatic
actuation methods. Thermal methods are limited by the thermal time constant of the
system. The bimorph can only move back up as quickly as it can cool. Electrostatic
forces, on the other hand, are applied extremely rapidly, and the limit to the maximum
operating frequency is the mechanical response of the system. Fig. 4·8 shows the
normalized frequency response for a plate being actuated with the thermal bimorphs
and being actuated with the all of the comb-drives (vertical actuation methods three
and one respectively). The response was measured by a laser vibrometer in air and
both actuation methods moved the plate a similar amplitude. It can be seen in the
figure that the response of the thermal bimorph begins falling off almost immediately,
after 10 Hz, while the response of the all comb-drive method does not begin to fall off
until after the second major resonance peak at 3.2 kHz.
This result implies that the device can be positioned in <1 ms, potentially as fast as
∼100 µs using advanced drive techniques (Imboden et al., 2016; Pollock et al., 2018).
Also, shown are the modes corresponding to each of the major peaks. These were




Figure 4·7: Shown is the tip/tilt operation. (a) An SEM image of the
device with the potentials and current paths used in tip/tilt operation
labeled. (b) SEM image of the device at maximum tilt in vacuum. The
bimorphs on the right are near the substrate. (c) Plot of the tilt angle
versus voltage in vacuum and air. The actuation voltage is the total
potential difference between V+ and V- in (a).
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Figure 4·8: Frequency response of the 5-DoF scanner. Comb-drive
actuation responds fully up to 3.2 kHz while actuation using thermal
bimorphs begins to fall off above 10 Hz because the response speed is
limited by the cooling rate. Below the graph are the various modes
associated with the peaks (generated by FEA in Comsol Multiphysics).
Mode 1 is an up and down oscillation of the bimorphs where the bi-
morphs move in phase with each other. Mode 2 is also an up and down
oscillation of the bimorphs, but the bimorphs move out of phase with
each other. Mode 2 also possesses some small tilting of the structure.
Mode 3 is a lateral in and out oscillation of the comb-drive. The peak
associated with this mode only appears in the response to the comb-




5.1 Summary of Micro-scale Thermal Evaporators
Chapter 2 presents a novel design of a micro-scale thermal evaporator that holds
>100× more material than previous designs and can be mechanically loaded instead
of needing a conventional evaporator. There are trade-offs. These evaporators are
slower, have a larger footprint, and are more power hungry than previous designs; but
still faster, smaller, and less power hungry than conventional evaporators. At 9.5 V, a
loaded micro-evaporator turns on in 1.46 s and uses 176.7 mW of power. At the same
voltage, it can generate 7.2 Å s−1 of lead flux from ∼1 mm away from the target, all
with a footprint of 0.25 mm2.
Though lead is the only material studied here, previous designs have been shown to
work with eight different materials (Han et al., 2015).
5.2 Summary of Atomic Calligraphy
Chapter 3 discusses atomic calligraphy or using MEMS stencils and positioners to
pattern nanoscale structures. Atomic calligraphy has two modes: static, where a plate
with a patterned stencil is in contact with the target during deposition and dynamic,
where a plate with circular apertures is moved in the pattern during evaporation.
Static atomic calligraphy has been used to produce arrays of SRRs on silicon wafers,
the cleaved end of an IR fiber, and polymer structures made with a Nanoscribe.
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Dynamic atomic calligraphy has been used to write patterns onto silicon wafers.
Both static and dynamic atomic calligraphy show evidence of lateral thermal drift
when using a conventional electron beam evaporator, but there is no evidence of
significant lateral thermal drift when using micro-evaporators. Micro-evaporators
used in conjunction with writers form a device that is only a few millimeters in each
dimension and is capable of writing nanostructures.
5.3 Summary of Advanced Writer
Chapter 4 presents an advanced writer with five degrees of freedom. It is capable
of moving 14.1 µm (±7.1 µm) in both translational directions, 97.9 µm vertically, and
7.4◦ (±3.7◦) in both tip and tilt, in vacuum. In air, it can move 14.1 µm (±7.1 µm)
transitionally, 39.5 µm vertically, and 1.8◦ in tip and tilt. Vertical actuation can be
achieved with thermal methods that have long ranges but are slow, as well as with
electrostatic methods that have shorter ranges but are capable of responding fully
up to 3.2 kHz. Because this device is built by a low cost commercial foundry, it can
inexpensively be modified and integrated into a variety of applications, and manufac-
tured in both large and small quantities.
Designed to be used in dynamic atomic calligraphy, the writer has several advantages
over previous writer designs. No target for atomic calligraphy is perfect. Even a
bare silicon wafer (150 mm diameter, 600 µm thick) will bow 1.3 µm and the bow can
become tens of microns or more as thin films are added (Tan et al., 2011). When a
large array of writers is brought close to a large target, there will be substantial differ-
ences in vertical and potentially angular alignment from one writer to another. The
advanced writer allows each writer plate to be independently aligned. Furthermore,
it enables simpler atomic calligraphy systems. It eliminates the need for precision
goniometers and vertical stages. Only a crude vertical stage would be needed as the
72
writer can do all of the precision alignments on its own. This potentially makes it a
great choice for a low cost, lab/hobbyist scale atomic calligraphy system.
5.4 Future Outlook
5.4.1 Heating
Figure 5·1: Heating the plate to prevent clogging. (a) Optical micro-
scope image labeled to show how the device is biased to heat the plate
(b) Optical microscope image of the tethers glowing red hot due to
joule heating. (c) SEM image of a dynamic deposition of indium onto
the writer substrate. During the horizontal motion, the plate was cold
and narrowing due to clogging is evident. During the vertical motion,
heating was turned on and the narrowing stopped. Figure courtesy of
Matthias Imboden and Thomas Stark.
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Clogging of the apertures is the largest technological obstacle facing atomic callig-
raphy. Fortunately, a solution to the problem exists, but it needs more development.
The plate can be heated to evaporate off clogging material. This can either be done
by keeping the stencil hot while writing in the case of dynamic atomic calligraphy
or by evaporating off material in between depositions as would need to be the case
in static atomic calligraphy. This idea has been shown to function in the literature.
Savu et al. embedded a micro-heater into the membrane of their stencil for dynamic
SL. The heated stencil showed no accumulation of aluminum after deposition while
an unheated aperture did (Savu et al., 2011).
Internally, there have been some experiments using heating with atomic calligraphy.
As seen in Fig. 5·1a-b, by putting potentials on the returns of the comb-drives the
plate can be heated by flowing current through the tethers. Fig. 5·1c, shows a line
draw in two sections. The first was drawn with the plate cold and the line shows
evidence of narrowing due to clogging. The second was drawn with the plate hot and
shows no evidence of narrowing. This line was drawn onto the substrate of a writer
using a proof of concept setup, not using the atomic calligraphy setup discussed in
Chapter 3.
These preliminary works need to continue for atomic calligraphy to reach its poten-
tial. Initial work has already gone into developing PID loops that would control the
temperature of the plate by monitoring the resistance of the tethers. This can further
be optimized to allow the plate to be heated stably near its maximum temperature.
The largest difficulty is designing algorithms that can handle the turn around of the
resistance, seen in Fig. 2·6. Pop-up and 5-DoF writers will also need a redesign be-
cause gold-silicon structures cannot handle the heat necessary for all but the lowest
temperature materials because of the gold-silicon eutectic. The easiest solution is
to experiment with other higher temperature materials (e.g. nickel, iron, tungsten,
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titanium). These could be added to PolyMUMPs devices before release using a sim-
ple lift off lithography step. As an added advantage, thermal bimorphs with higher
temperature materials may be capable of moving more rapidly because more of their
cooling is due to radiation.
An alternative solution to heating the writer, is to move from a deposition process to
an etching process.
5.4.2 Writer Production
Both the writers and the micro-evaporators are produced using multi-user processes
at a commercial foundry. There are many advantages to working this way. Devices
can be more complicated, results are more repeatable, less time is required by a re-
searcher to create a device, and if large quantities of devices are wanted for commercial
ventures the foundry can produce them. The one disadvantage is the rigidity of the
process. Because all users are using the same process, it cannot be changed to meet
the needs of a single user. There is no pressing need to move beyond this paradigm;
however, if it ever is desirable to produce writers at scale there are two main changes
to the design that will be recommendable.
First, through-silicon via interconnects would be used instead of ball bonding. This
would not only save real estate on the front of the substrate for more writers, but
would also give greater flexibility to writer design as the plate would not need to
clear the ball bonds. Using through-silicon via interconnects in this way has been
demonstrated already in deformable mirrors (Diouf et al., 2010). Holes for atomic
flux could also be generated using this process. This is not pressing at the moment
because for applications where the target would hit the ball bonds, 5-Dof writers can
be used.
Second, large arrays of writers would require significant quantities of nanoscale aper-
tures. Generating these from 1.5 µm thick plates with the FIB is impractical due to
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the time required for each one. Using a custom process, an ultra thin layer could be
included that would not need to be thinned before defining the nanostructures. The
layer could be deposited using atomic layer deposition to give the finest thickness
control and uniformity. As this would need to be one of the last layers so that it
can make direct contact with the target, it may also require a chemical-mechanical
polishing step before deposition.
5.4.3 Nanomanufacturing
The difficulty of nanomanufacturing arises chiefly because of a trade-off that occurs
between resolution and areal throughput, often referred to as Tennant’s law. This
trade-off was first observed by Tennant who noted that for every order of magni-
tude resolution is improved, areal throughput decreases by five orders of magnitude
(Liddle and Gallatin, 2011; Marrian and Tennant, 2003). For example, the ultimate
limit of resolution is the size of an atom. Fabricating with this extreme resolution has
been seriously discussed as far back as Richard Feynman’s famous 1959 talk, “There’s
Plenty of Room at the Bottom” (Feynman, 1992). It has now been demonstrated in
the last two decades using scanning tunneling microscope (STM) probes (Schofield
et al., 2003; Fuechsle et al., 2012). Though exciting, the ability to fabricate with the
highest possible resolution has been minimally impactful because, as Tennant’s law
predicts, throughputs are far too low to be practical for all but a very few specialized
applications (Liddle and Gallatin, 2011). Future nanomanufacturing needs to move
beyond this paradigm. Breaking Tennant’s law is the key to fully unlocking the po-
tential of nanotechnology.
Atomic calligraphy may have a part in this, though not because of the speed of a
single writer. Fig. 5·2 shows the areal throughputs vs. resolution for a wide range of
nanomanufacturing techniques including dynamic atomic calligraphy. A single writer
with a single aperture does about as well as Tennant’s law predicts at best. Still,
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dynamic atomic calligraphy can potentially be a useful nanomanufacturing technique
because the cost of adding writers is extremely low. Arrays of 10,000-100,000 writers
can be created for cost similar to a single FIB system (not cheap but not impossi-
ble for manufacturing). This would increase the areal throughput by 10,000-100,000×
and another 10,000× increase could be achieved by placing arrays of apertures in each
plate. It is worth noting that for these throughputs to be possible either sources with
extremely high atomic fluxes would need to be developed or the system could move
to an etching process (e.g. plasma etching). Also worth noting is that static atomic
calligraphy has the potential for extremely high throughputs especially if comb-drives
for fine positioning were not needed. Then an array of low footprint writers could be
designed that would cover the entire dimensions of the array in four to nine steps.
5.4.4 The Democratization of Nanotechnology Research
Nanofabrication systems come at high initial costs, especially for systems that gen-
erate patterns instead of merely duplicating them (Wiley et al., 2010). A dynamic
atomic calligraphy system could generate patterns and potentially be constructed for
only a few thousand dollars. The two main components would be a micro-evaporator
(or arrays of micro-evaporators) and a 5-DoF writer capable of being heated to remove
deposits. Additionally, the system would need some sensing and control electronics
that could be integrated onto a custom PCB, a small vacuum chamber, and some
crude motorized or manual stages. Additionally, nanoscale imaging could be incorpo-
rated by including a micro atomic force microscope (Sarkar et al., 2011) or by adding
atomic force microscopy capability to a writer plate using capacitance sensing and
a probe placed on the plate. Such a system would bring nanoscale patterning capa-
bilities to small businesses, small research initiatives, and even hobbyists. Allowing
everyone to work in this exciting area, not just those with large amounts of resources.
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Figure 5·2: Representation of Tennant’s Law which states that
throughput scales inversely with resolution to the fifth power. The
atomic calligraphy that is included in the graphic represents a single
device working in dynamic mode and assumes the ability to generate
sufficient atomic flux or etching. If writers were arrayed, the throughput
could increase by 10,000-100,000×. If arrays of apertures were placed
on each writer plate, throughput could increase another 10,000×. Static
mode could be significantly faster and would work with conventional
amounts of atomic flux. Reprinted from (Imboden and Bishop, 2014).
78
Appendix A
Assembly Drawings and Electronic
Schematics
This page contains drawings of various components of the AC assembly including
electronics schematics.
Figure A·1: Drawing of the original design of the Invar cube. The




Figure A·2: Drawings of various components (a) the aluminum con-
nector that connects the target holder to the stage (b) the target holder
(the target PCB is connected directly to this with screws) (c) the align-
ment of the aluminum connector and the target holder. These two com-





Figure A·3: Schematic of the PCBs used for capacitive sensing (a)




To estimate the force vectors applied by the comb drive, Comsol Multiphysics was
used to model the capacitance of the comb drive at various amounts of lateral and
vertical displacement. The results of this anaylsis are seen in Fig. B·1.
Figure B·1: Plot of comb drive capacitance versus vertical displace-
ment at various lateral displacements. The data was obtained using
Comsol. The capacitance of a 3D model of the comb drive was calcu-
lated for different positions of the moveable comb. Also, shown is a
polynomial fit of the data.
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This data was fit with the following function:
C = (a1x+ a2)(z + a3)
2 + a4x+ a5 (B.1)
where C is the capacitance in farads, x is the lateral displacement of the comb drive
in microns, and z is vertical displacement of the comb drive in microns. The best fit
parameters are summarized in table B.1
Table B.1: Summary of fit parameters for the polynomial used to
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